Introduction
The importance of accurately predicting saturated flow boiling heat transfer coefficients has been well recognized, as seen from a large number of analytical and experimental investigations conducted in the last 10-15 years. A knowledge of these coefficients and their parametric behavior can reduce the cost and avoid the drastic results due to underdesign or overdesign of evaporators, boilers, and other two-phase process equipments. A general flow boiling correlation can satisfy these requirements, and it can further assist in establishing the effects of different parameters leading to a better understanding of the flow boiling phenomenon.
An additional role of a general correlation is seen in the investigations on augmentation of flow boiling heat transfer. In order to establish the enhancement factors with different enhancement devices such as surface treatments, twisted tapes and helical inserts, microfin surfaces, or additives, it is necessary to estimate accurately the baseline performance with the smooth tubes. Conducting the experiments with smooth tubes with the exact same conditions as in the enhanced tube experiments is rather difficult. Instead, the experiments may be replaced by a general flow boiling correlation to predict the baseline performance. However, the researchers may want to verify the validity of the correlation for their experimental conditions by conducting a few tests.
After establishing a need for a general correlation, the available correlations are reviewed in the following sections. The objectives for the present work are then stated. This is followed by a description of the correlation development, results and discussion, and the concluding remarks.
gaining a fundamental understanding of the flow boiling phenomenon as well as toward obtaining experimental results that may be employed in equipment design. The fundamental studies clearly brought out the complexities of the flow boiling mechanisms (see Collier, 1981 , for a comprehensive survey). Some of the major complexities involved are: bubble growth and departure behavior in the flow field of a two-phase mixture, distribution of the two phases relative to each other and relative to the tube wall (flow pattern and entrainment effects), departure from thermodynamic equilibrium at local conditions, characteristics of the heat transfer surface, and the effects of fluid properties. A realistic comprehensive model addressing these complexities has not yet been developed for use by equipment designers.
The experimental studies on two-phase flow boiling provided the actual values of heat transfer coefficients for a number of fluids under specific ranges of operating conditions. These form the basis for developing and testing any correlation. In order to develop a general correlation, it is essential to have an extensive data base covering different fluids with a wide range of operating conditions such as mass flux, heat flux, pressure, quality, and tube diameter. In the absence of a comprehensive data bank in the literature, every researcher in this field has to undertake this task before beginning any correlation work.
There are a large number of saturated flow boiling correlations (well over 30) available in the literature. Some of the well-known correlations were summarized by Kandlikar (1983) . The flow boiling correlations in general may be classified into two categories. Under the first category, the correlations are developed by experimental investigators to represent their own data, and in some instances, a few other data sources with the same fluid. After ascertaining the accuracy of the experiments conducted, these individual correlations may be used by the designer within the same range of parameters. The correlations under the second category are developed on the basis of a larger number of data sets involving a number of fluids over a wide range of parameters. These correlations are more valuable since they represent a larger Gungor and Winterton (1987) Vertical and horizontal flow; water, R-11, R-12, R-114, nitrogen, neon; 1100 data points.
Vertical and horizontal flow; water, R-11, R-12, R-22, R-113, R-114, ethylene glycol; 3600 data points.
Same as Gungor and Winterton (1986) .
Originally given in a chart form by Shah (1976 data base and cover a much broader range of operating conditions. Table 1 gives six important correlations available in the literature. The widely used correlation by Chen (1966) , #1 in Table 1 , was developed on the basis of six different data sources. It offered a relatively simple additive form of nucleate boiling and convective terms. Many later experimental studies such as those of Anderson et al. (1966) Kandlikar (1983) correlation, Table 1 inside diameter of tube, m forced convection correction factor used in Chen (1966) correlation, Table 1 fluid-dependent parameter in equations (2)-(4) given in Table 4 ; also used in Kandlikar (1983) correlation, Table 1 pool boiling multiplication factor in Forster-Zuber correlation used by Jallouk (1975) , Table 1 = GD(l-x)/n, = suppression factor, used by Chen (1966) , and Gungor and Winterton (1986) , different expressions = temperature difference between wall and fluid, °C Transactions of the ASME and Noerager (1966), Jallouk (1974) , and Mohr and Runge (1977) Gungor and Winterton (1986) . Efforts were also directed at correlating the enhancement factor F and the suppression factor S in the Chen correlation to a number of operating and system variables, e.g., Ross (1985) and Bennett and Chen (1980) . Shah (1976) proposed a correlation in graphic form using the boiling number, Bo and the convection number Co. He proposed replacement of the Martinelli parameter X" with the convection number Co, since the viscosity ratio was found to have no significant influence. A total of 800 data points was used in the correlation development. In a later paper, listed as #2 in Table 1 , Shah (1982) presented equations to fit his earlier chart correlation. The Shah correlation is currently the most widely accepted one, and is recommended by Collier (1981) . Bjorge et al. (1982) developed a correlation, #3 in Table 1 , to cover the subcooled and the high-quality regions with water as a test fluid. They employed the Colburn (1933) equation for single-phase convection, the Mikic-Rohsenow (1969) correlation for the nucleate boiling contribution, and the procedure of Bergles and Rohsenow (1964) for the wall superheat at the incipience of boiling. In the high-quality region, the correlation of Traviss et al. (1972) for annular flow condensation was slightly modified after testing it against nonnucleating forced convection boiling data. Bjorge et al.'s final correlation could correlate the water data derived from eight different sources better than the Chen correlation (13.9 percent against 17.4 percent). The basic heat transfer model of Bjorge et al. was employed by Yilmaz and Westwater (1980) to study the effect of velocity on the nucleate boiling and flow boiling mechanisms of R-113 flowing outside a circular tube in crossflow. Kandlikar and Thakur (1982) proposed an additive correlation with nucleate boiling and convective contributions. The same data sets used by Shah (1976) were employed in the development of the correlation. The mean deviation with the data was 13.7 percent. The model was further refined by Kandlikar (1983) , listed as #4 in Table 1 , to include the effects of different fluids through a fluid-dependent parameter F^ introduced in the nucleate boiling term. The values of F f/ for R-ll, R-12, R-114, nitrogen, and neon were recommended on the basis of the respective flow boiling data. Considerable improvement was observed with all data over the Shah correlation. In order to extend the correlation to new fluids, Kandlikar described a scheme to determine Fj, using available flow boiling data. In the absence of any flow boiling data, F fl could be estimated as the multiplier needed in the Forster and Zuber (1955) correlation to correlate the pool boiling data for that fluid. On the basis of Jallouk's (1974) data on pool boiling, an Ffl value of 1.240 was predicted for R-113. Khanpara et al. (1986) compared their plain tube data for R-113 with correlations by Shah (1982) , Pujol and Stenning (1969) , and Kandlikar (1983) . The Kandlikar correlation along with the suggested Fj, value of 1.240 resulted in the best agreement (±20 percent) with their plain tube data, although no R-113 flow boiling data were employed in the development of the correlation. Estimating the Ff, value for R-113 from flow boiling data would further improve the agreement. This confirmed the validity of the scheme proposed by Kandlikar (1983) to extend the correlation to new fluids.
The correlation proposed by Gungor and Winterton (1986) , listed as #5 in Table 1 , is a modification of the Chen correlation, and is developed using 3700 data points. The enhancement factor F is replaced by E, which is dependent on the boiling number Bo and the Martinelli parameter X". The suppression factor S is correlated as a function of X" and liquid Reynolds number Re,. The Forster and Zuber (1955) pool boiling correlation was replaced by the Cooper (1984) correlation. A more recent correlation proposed by Gungor and Winterton (1987) , #6 in Table 1 , is based on the similar nondimensional parameters as used by Shah (1982) and Kandlikar (1983) . A constant term representing the liquid-only heat transfer coefficient is added to the usual nucleate boiling and convective boiling terms. The mean deviation with 1701 points for refrigerants was 21.3 percent, while 1891 data points for water were correlated with a mean deviation of 21.2 percent. The comparison of different correlations presented in their work included the Kandlikar and Thakur (1981) correlation.
Objectives of the Present Work
After reviewing the literature for available correlations and models describing the flow boiling mechanism, it was clear that the ability of a correlation to apply to new fluids is an important feature. Equally important are the ability to correlate additional data with any test fluids used in the correlation development, and the ability to predict correctly the dependency of heat transfer coefficient on various system parameters. The Kandlikar (1983) correlation was able to correlate the data better than the Shah (1982) correlation, and was able to be extended to new fluids. This correlation was based on only 1100 data points, while a larger data base seemed necessary to arrive at a general correlation. To meet these needs, it was decided to conduct the following work:
• Develop a large data bank of at least 5000 data points for a number of fluids during flow boiling in plain circular tubes. 8 Investigate the form of correlation by studying the effects of including various parameters in the Kandlikar (1983) correlation, and carry out further refinements.
• Compare the results with the other correlations listed in Table 1 . 9 Compare the correlations directly with the experimental data points to study the influence of different parameters.
Correlation Development
Data Base. As a first step in the development of the correlation, data on 24 experimental investigations were obtained and stored as data files in a computer. Table 2 shows the details of each data set representing a total of 5246 data points. This is one of the largest data banks developed for two-phase correlation work. The individual data sets have been carefully studied, and wherever possible, the raw data from the experimental results were used in the reduction of the data to a standard format. The experimental procedure employed in each investigation was studied to examine the accuracy of the data. Some of the commonly noted sources of errors were: (;') errors in the determination of quality using heat balance on long preheated sections with heat losses; (ii) absence of simultaneous measurement of pressure and wall temperature at any section along the test section resulting in errors in local saturation temperature; (Hi) very low temperature difference between wall and fluid, as compared to the accuracy of the temperature measurement, resulting in large errors in heat transfer coefficient calculations, (iv) errors or discrepancies in property equations used in the data reduction by the investigators while reporting data; (v) presence of oil in the refrigerant flowing through the test section; and (vi) errors due to peculiar conditions existing in the test section entry region, such as a sharp bend or flow disturbance due to probes, in general classified under history of flow.
A number of early investigations reported the average heat transfer coefficient over the evaporator length. In some cases, (1977) the entry to the evaporator was at qualities below 0.1, and the Although the accuracy of each data set employed in the exit was almost saturated vapor. Taking the h TP and x values present work is different, and is difficult to ascertain, it is at average test conditions is inappropriate and results in an in-estimated that most of these data sources are free from gross accurate h TP~x relationship in a correlation. For this reason, errors. A few data sets that yielded very large errors with all nine such data sets utilized by Shah in his correlation develop-correlations were investigated further. After evaluating possiment have not been included in the present study. These are: ble sources of errors, these sets were not used in the determina- Bryan and Quaint (1951) , Yodder and Dodge (1951) , and tion of the fluid-dependent parameter for that fluid. It should Bryan and Siegel (1955) *for R-11; Ashley (1942) , Johnston and also be emphasized that some important parameters such as Chaddock (1964) , and Chaddock and Noerager (1966) for the history of flow and tube surface characteristics are not R-12; and Pierre (1957) , Johnston and Chaddock (1964) , and quantified and may partly be responsible for the differences Anderson et al. (1966) for R-22.
between two data sets with the same fluid. Correlation for Vertical Flow With Water. The correlation given by Kandlikar (1983) , #4 in Table 2 , was used as the basis for the present correlation development. The starting point was the vertical-flow data for water. The twophase flow boiling heat transfer coefficient, h TP was expressed as the sum of the convective and the nucleate boiling terms, given by
convective nucleate boiling term boiling term where h TP = two-phase heat transfer coefficient; C X -CA. = constants to be determined; Co = convection number; Bo = boiling number; and h, -single-phase heat transfer coefficient with only the liquid fraction flowing in the tube. In the present work, the Dittus-Boelter equation is used to calculate h,. The effort was now directed toward obtaining the best values of C 2 and C 4 , which would result in the lowest mean error with all the vertical-flow data sets with water. The exponents C 2 and C 4 were systematically varied over a wide range. For every set of C 2 and C 4 values, corresponding coefficients, C { and C 3 were evaluated using a least-squares program with the vertical-flow data for water. The mean error for each data set was also calculated. Initially, the data was divided into two regions as follows:
Co < 0.65-convective boiling region Co > 0.65-nucleate boiling region
In the convective boiling region, the heat transfer is predominantly by a convective mechanism. Similarly, in the nucleate boiling region, the heat transfer is predominantly by nucleate boiling mechanism. Influence of heat flux is particularly different in the two regions, as will be discussed later.
The above procedure of separating the two regions results in a discontinuity at Co = 0.65. It is present in the Shah correlation. This discontinuity is eliminated here by allowing the transition from one region to another at the intersection of the respective correlations.
At this point, the form of correlation was extensively tested for any effects such as the enhancement factor F or the suppression factor S used in the Chen correlation. This involved modification of the base correlation, equation (1) (\-x)) m , x m , Re/", and (convective term) m . The exponents m and n were varied over a wide range from -2.0 to + 2.0. For every case, the coefficients C, and C 3 were evaluated using the available data sets in the least-square routine.
In every case with an additional multiplication factor in the convective or in the nucleate boiling term, the mean deviation was higher than the base correlation. The form of correlation suggested by Gungor and Winterton (1987) , (h T p/hi = 1 + convective boiling term + nucleate boiling term), was also tried without any improvement. In most cases, the resulting mean error was significantly higher than the corresponding mean error with equation (1). This confirmed the adequacy of the present model in representing the two mechanisms over a wide range of operating conditions. Fluid-Dependent Parameter for Other Fluids. The correlation was then extended to other fluids by incorporating a fluid-dependent parameter F fl . Equation (1) is rewritten in a slightly different form, and F fl is included in the second term as follows:
For each fluid, the value of F fl was varied over a range from 0.5 to 5.0. For each F ft value, the mean deviations were obtained for each data set of that fluid. The F fl value that resulted in the lowest combined mean error for all data sets for that fluid under both regions, convective and nucleate boiling, was finally selected.
Froude Number Effect in Horizontal Flow. The influence of stratification at low flow rates in horizontal tubes was correlated by introducing the Froude number in the nucleate boiling in the convective boiling terms as follows:
C 5 and C 6 were systematically varied and the mean deviations for all the data sets for all fluids with Fr /O <0.04 were evaluated. The limiting value of 0.04 was also varied and the mean deviation for each data set was obtained by adjusting the constant 25 accordingly to yield (constant X limiting value) = 1. The limiting value of 0.04 was found to be most suitable with all the horizontal-flow data sets. The entire process from the beginning was repeated to include the horizontal-flow data points with Fr, o >0.04 along with the vertical-flow data sets for evaluating the constants.
Final Form of the Proposed Correlation. The final form of the equation obtained in this analysis is
The single-phase liquid-only heat transfer coefficient h, is given by
The values of constants C x -C s are given in Table 3 . The constant C 6 in equationn (3) was found to be zero, and therefore the Froude number multiplier in the nucleate boiling term in equation (4) is missing. Also, for vertical flow, and for horizontal flow with Fr /0 > 0.04, the Froude number multiplier in the convective boiling term in equation (4) becomes unity. The two sets of values given in Table 3 correspond to the convective boiling and nucleate boiling regions, respectively. The heat transfer coefficient at any given condition is evaluated using the two sets of constants for the two regions, and since the transition from one region to another occurs at the intersection of the respective correlations, the higher of the two heat transfer coefficient values represents the predicted value from the proposed correlation. This method provides a continuity between the convective and nucleate boiling regions. Table 4 gives the values of the fluid-dependent parameters Ff, for water, R-11, R-12, R-13B1, R-22, R-113, R-114, R-152a, nitrogen, and neon. For other fluids not covered here, the scheme suggested by Kandlikar (1983) , and described in the literature review section above, may be employed to calculate Ffl.
All the fluid properties required in the data reduction and the development of the correlation were evaluated using the ASHRAE Handbook (1985) , ASHRAE Thermophysical Properties (1976), Reynolds (1979) , and the surface tension properties published by DuPont. The equation for the vapor pressure for R-113 was derived from Mastroianni et al. (1978) .
Results and Discussion
In this section, the results of the correlation development and some comparisons among different correlations are presented. A total of six correlations are compared with the experimental data for their accuracy of prediction, and their ability to depict correctly the trend of h TP versus x.
Nucleate Boiling Term. The constant C 4 in the proposed correlation, equation (4), is the exponent to the boiling number (Bo = q/(Gi jg )) in the nucleate boiling term, and is seen to be 0.7 for both convective and nucleate boiling regions. The dependence of the nucleate boiling contribution on heat flux q is therefore proportional to q 0J . The underlying mechanism for the nucleate boiling in two-phase flow can be related to the pool boiling, and it seems reasonable to expect similar dependence on q in both cases. The dependence of the heat transfer coefficient on q in pool boiling can be expressed as
hocq"
The value of the exponent n is 0.7 as given by two correlations recommended in the Heat Exchanger Design Handbook (1983), one by Borishanski (1969) and the other by Ratiani and Shekriladze (1972) . Rohsenow's pool boiling correlation yields n equal to 0.67. Thus it is seen that the nucleate boiling term shows dependence on q similar to the case of pool boiling.
Convective Boiling Term. The dependence of the convective boiling term on quality is investigated in the two regions. In the convective boiling region, the exponent of Co is -0.9, and along with the Re, 0 -8 in the h, expression, the convective boiling term varies as (1 -x) 0 -08 . However, this dependence should not be viewed in isolation, since the nucleate boiling contribution varies as (l-x) os . Combining these two contributions may result in a different dependent of h TP on x depending on the fluid and other system and operating parameters.
The exponent of Co in the nucleate boiling region is -0.2, which is much weaker than the value -0.891 found in the earlier work by Kandlikar (1983) . The main reason for this is that very few data points in this region were used in the earlier work. This weak dependence on Co is to be expected in the nucleate boiling region where convection is not the dominant mechanism of heat transfer. As Bo increases, the percentage contribution due to convective boiling decreases. At high heat fluxes the heat transfer is predominantly by the nucleate boiling mechanism. However, at low heat flux values, the convective contribution may be quite significant. The proposed correlation is able to cover both these cases.
Influence of Bo and Co. The contributions of convective boiling and nucleate boiling multipliers to hj are shown in Figs. 1 and 2 . These figures show the dependence of the ratio h TP /h, on Co and Bo, and not the actual variation of h TP . Figure 1 shows the variation of h TP /h, with Bo for three values of Co: 0.1, 0.4, and 1.0. The contribution of the two mechanisms is also shown. The two regions are identified by a step change in the contributions of each mechanism. Note however that there is no step change in the sum of the two contributions. At lower values of Bo, the heat transfer is predominantly convective and the influence of Bo is relatively small. As Bo increases at a constant Co value, the convective contribution remains constant, but the nucleate boiling com- Range of mean deviations, % (4) and (5) ponent first increases slowly, and then rapidly until the convective contribution becomes relatively insignificant in the nucleate boiling dominant region. Similarly, the variation of h TP /h, with Co is plotted in Fig. 2 for three values of Bo: 10" 5 , 10~4, and 10~3. Smaller values of Co represent the convective boiling dominant region. Here the influence of Bo tends to be smaller and all the Bo curves tend to merge into a single line. However at higher values of Co, the heat transfer is nucleate boiling dominant and the influence of Co becomes quite small.
A comprehensive figure showing the comparison of the proposed correlation with all data points would prove to be of little value due to the large number of data points involved. Instead, a histogram showing the percentages of number of points in every 10 percent mean deviation range is plotted in Fig. 3 . The x axis gives the mean deviation range such as -50 to -40, -40 to -30, -30 to -20, and so on up to + 40 to + 50 percent error. The percentages of data points falling in each of these ranges are shown as vertical boxes in each region. Thus it can be seen that 66 percent of all data points fall within ±20 percent, while 86 percent fall within ±30 percent.
Comparison of Correlations.
A comparison of the proposed correlation with five other correlations listed in Table 1 is made for all the 24 data sets used in this investigation. Table  5 gives the mean deviations between the experimental and predicted values from each correlation for water, seven refrigerants, and two cryogenic fluds. Since the data were stored with heat flux as a parameter, an iteration scheme was needed with the Chen (1966) and Bjorge et al. (1982) correlations.
As can be seen from Table 5 , the proposed correlation from the present work yields the lowest values of mean deviations for water, all refrigerants, and cryogenic fluids. In the case of water, all the correlations perform quite well. In particular, the horizontal-flow data of Mumm are correlated by all correlations to within 15 percent except by the Chen correlation. For the vertical-flow data for water, large errors are noted. Bartoletti et al.'s (1964) high-pressure water data for 5 and 9-mm tubes could not be correlated by any of the correlations, all of them underpredicting by about 30-35 percent. Further evaluation of these data is needed; they were therefore not included in the data bank and the comparison reported in Table   Table 5 Comparison of correlations with experimental data Table 5 . Another important observation was made that Kenning and Cooper's data for vertical flow were correlated to within 15 percent by all correlations. From the description given by the investigators on the experimental apparatus and measurement techniques, their data set seems to be of very high accuracy. For all refrigerants combined, the mean deviation is 18.8 percent with the proposed correlation, while it is above 24 percent with the other correlations. The errors with some refrigerants, e.g., R-22, are quite high with other correlations. This clearly indicates a need for a fluid-dependent parameter in the correlating scheme.
Another equally important factor in the comparison of the correlations is their ability to predict correct parametric trends among the important system variables. The basic trend of h TP versus x was compared from different correlations against the systematic data available for R-113 and water. Figures 4 and 5 show the comparison of the correlations with the experimental data points from Jensen and Bensler (1986) at two system pressures of 5.5 bar and 2.7 bar with R-113. A decreasing trend of h TP with x in the entire x range is seen for this data set. A similar trend has been observed with some other refrigerant data. This trend is quite different from a more accepted trend of constant h TP at low x followed by increasing h TP at higher x observed for water. The proposed correlation correctly predicts the decreasing trend of h TP with x for R-l 13. At lower x values, corresponding to the nucleate boiling region, the experimental h TP values are seen to be higher than those at higher qualities corresponding to the convective region. The proposed correlation shows a similar trend, with higher h TP values at low x, and a rapidly decreasing trend with x at lower qualities, followed by a gradual descent at higher x values. Both the Gungor and Winterton correlations predict a monotonously decreasing trend, which fails to account for the considerably higher h TP values at lower x. The Shah correlation predicts a complex trend due to a number of step variations present in it. The Chen and the Bjorge et al. correlations predict an ever-increasing trend of h TP with x, which is quite opposite to the trend seen from the experimental data points.
The fluid-dependent parameter B M in the Bjorge et al. correlation was set at 1.89 E-14 in the above comparisons. Setting (4) and (5); (B) Shah (1982) ; (C) Gungor and Winterton (1987) ; (D) Gungor and Winterton (1986) ; (E) Chen (1966) ; (F) Bjorge et al. (1982) , o -data points (4) and (5); (B) Shah (1982) ; (C) Gungor and Winterton (1987) ; (D) Gungor and Winterton (1986) ; (E) Chen (1966) , (F) Bjorge et al. (1982) (4) and (5); (B) Shah (1982) ; (C) Gungor and Winterton (1987) ; (D) Gungor and Winterton (1986) ; (E) Chen (1966) ; (F) Bjorge et al. (1982) , o -data points B M at 1.03 E-13 in the correlation as suggested by Mikic and Rohsenow (1969) would improve the agreement with the data for refrigerants.
A similar comparison for water data from Cooper and Kenning (1986) for two system pressures of 1.638 and 1.974 bar is shown in Fig. 6 . Here again the agreement between the predicted and the experimental values is excellent with the proposed correlation. The Shah correlation does quite well with water data. Both the Gungor and Winterton correlations and the Chen correlation slightly underpredict the heat transfer coefficient for this data set, while the Bjorge et al. correlation predicts an unusual rapidly increasing trend at higher x values.
The inability of the other correlations to predict the h TP -x trend correctly is due to two reasons. Firstly, the form of the correlation may not be appropriate, e.g., the Gungor and Winterton (1987) correlation has //, as an additive term, which severely affects the h TP -x trend in the nucleate boiling region. Secondly, the other correlations, including those of Shah and Chen, have utilized average heat transfer coefficient data in their development, and therefore are unable to reflect the correct trend due to the averaging effects.
As is clear from the preceding discussion on Figs. 4-6, the proposed correlation is able to predict the increasing h TP versus A: trend for water, as well as a decreasing trend with R-113 for the given set of operating conditions. This has been made possible by the choice of an appropriate form of correlation, and the introduction of the fluid-dependent parameter F /h which is able to account for the different nucleate boiling behaviors of different fluids.
A further comparison of the parametric dependence predicted by different correlations is presented by Kandlikar (1988) . In that work, it is shown that Collier's flow boiling map is inadequate to represent the parametric trends for refrigerants, and suitable modifications are suggested.
Klimenko's Correlation. Klimenko (1988) recently proposed a flow boiling correlation that incorporates the wall thermal conductivity effect. In the nucleate boiling region, there are no flow effects included, while in the convective boiling region, h TP is assumed to be independent of the tube diameter and the dependence on G and x is assumed to be proportional to [G(l +x(p l 06 . This yields an increasing h TP versus x trend for all fluids, contrary to the observations made in the present study. Klimenko considered many earlier data sets with average coefficients and discarded more than half the data points in each set as being unacceptable. None of the recent local data on refrigerants were utilized. Klimenko also concludes that the Chen correlation is better than the Shah correlation, which again is contrary to the present findings.
Cryogenic Fluids. In the present study, only one data source each for nitrogen and neon was utilized in evaluating the respective fluid-dependent parameter F fh which is found to be 4.7 for nitrogen and 3.5 for neon. These values are quite large compared to those for water and the refrigerants. This prompted a further investigation on the correlations and experimental data sets pertaining to cryogenic fluids. Klimenko (1982) presented a correlation specifically developed for cryogenic fluids on the basis of nine sets for hydrogen, neon, and nitrogen. He cites a lack of detailed information as a major problem in evaluating the accuracy of the experimental data sets. About 50 percent of the data from four sets was discarded in accordance with the "principle of maximum representativeness." No further details were given by Klimenko regarding the data selection process. The remaining data were correlated by a scheme similar to that developed for refrigerants (Klimenko, 1988) , in which the wall thermal capacity was found to be an important correlating parameter. Deev et al. (1984) compared Klimenko's correlation with his own data and six other data sets for nitrogen. Deev et al.'s data along with four other data sets were correlated by Klimenko's correlation to within ±20 percent. However, data of Ronzhin and Usyukin (1968) and Steiner and Schlunder (1976) gave deviations in excess of -50 to + 100 percent. Shah (1984) compiled twelve experimental data sets for helium, hydrogen, neon, nitrogen, and argon, and compared them with his correlation and Klimenko's (1982) correlation. He observed no systematic dependence of the heat transfer coefficient on the wall thermal capacity contrary to 226/Vol. 112, FEBRUARY 1990 Transactions of the ASME Klimenko's observation. The comparison of mean deviations for the twelve data sets shows that Shah's correlation gives better results than Klimenko's correlation. However, the mean deviations for some of the data sets are quite large, e.g., Muller et al.'s (1983) data for nitrogen at reduced pressures of 0.6 and 0.8: 59 percent; Steiner and Schlunder's (1977) data for nitrogen: 59 percent; Mohr and Runge's (1977) data for neon: 49 percent; and Ogato and Sato's data for helium: 37 percent. It may be noted that Shah utilized all the data points in each set while comparing the correlations. As seen from the above discussion, the data for cryogenic fluids could not be correlated well with any available correlation. The main problem seems to lie in determining the accuracy of the data sets. As pointed out earlier, the major sources of error seem to be: low temperature differences with cryogenic fluids, inaccurate estimates of heat losses from the test section, and difficulties in obtaining local measurements. Under these circumstances, the development of a general correlation for cryogenic fluids may have to wait until reliable experimental data are available for different cryogenic fluids. The fluid-dependent parameter in the proposed correlation may then be derived from the reliable data sets.
Additional Remarks. Further comparison of different correlations was made with Khanpara's (1986) recent R-22 and R-113 data in 8.71-mm-dia horizontal tubes, made available by Prof. A. E. Bergles of Rensselaer Polytechnic Institute, Troy, NY. These data are believed to be very accurate since great care was taken in eliminating any entrance effects, and in reducing other experimental uncertainties. There are 100 data points for R-22 and 110 data points for R-113, covering both the nucleate boiling and convective regions. The mean percent deviations with the different correlations for R-22 and R-113, respectively, are: present study-15.2 and 20.8; Shah-36.1 and 22.3; Gungor and Winterton (1986)-39.4 and 26.2; Winterton (1987)-31.3 and 21.1; Bjorge et al.-43.8 and 51.3; and Chen-47.9 and 56.9 . Since these data sets were not used in any of the correlation development, including the present one, they should serve as a fair comparison of different correlations. As seen from this comparison, the proposed correlation gives the lowest mean deviations for both R-22 and R-113.
A comment regarding the simplicity and ease of use of these correlations is appropriate. The correlations of Winterton (1986, 1987) , and the proposed correlation are explicit in terms of heat flux, and require only the quality, mass flux, heat flux, and tube diameter as input operating variables. The fluid properties required are liquid thermal conductivity, liquid specific heat, liquid and vapor phase densities, liquid viscosity, and the latent heat of vaporization. Other correlations by Chen, and Bjorge et al., are explicit in terms of the temperature difference between the wall and the fluid saturation temperature, and require a number of additional properties including surface tension, vapor viscosity, and vapor pressure equation.
It is expected that the values of Ff, for different fluids recommended in this paper may undergo further refinements as more reliable data become available for each fluid. It may also be possible to accommodate the surface condition variation through this parameter, and extend it to enhanced surfaces.
Conclusions
A total of 5246 data points for water, R-ll, R-12, R13-B1, R-22, R-113, R-114, R-152a, nitrogen, and neon have been compiled from 24 experimental investigations on saturated flow boiling inside vertical and horizontal tubes. A correlation is developed from these data sets using an additive model and a fluid-dependent parameter Ff,. This correlation results in a mean deviation of 15.9 percent with water data, and 18.8 percent with all refrigerant data combined. The corresponding figures are 17.9 percent and 25.8 percent with the Shah (1982) correlation, and 18.5 percent and 24.0 percent with the Gungor and Winterton (1987) correlation. The proposed correlation gives a continuous variation of heat transfer coefficient along an evaporator tube and agrees with the trends of h TP versus x as seen from the experimental data for water and R-113.
